In this communication we report the details of the structural and thermal properties of monoclinic layered perovskite type Pr 2 Ti 2 O 7 (PTO) using ambient to higher temperature XRD and Raman spectroscopic studies. The monoclinic (P2 1 ) structure is found to be the stable structure of PTO compared to the orthorhombic Pna2 1 , Cmc2 1 or Cmcm and monoclinic P2 1 /m structures. The crystal structure is further supported by the ab initio total energy calculations using density functional theory (DFT) formalism. The total energy calculation and structural relationship favour the ferroelectric (P2 1 ) to paraelectric (P2 1 /m) displacive transition. The calculated electric polarization as observed from the displacement of ions is B8.3 mC cm
Introduction
The monoclinic perovskite type titanates have attracted attention due to their high Curie temperature, ferroelectric and piezoelectric properties, high dielectric constants, nonlinear optical and photocatalytic properties. [4] [5] [6] [7] [8] [9] [10] [11] [12] Early studies on phase diagrams in Ln 2 O 3 -TiO 2 systems by Shcherbakova et al. 3 had revealed that both mono-high temperature dielectric studies, Yan et al. 4 O 7 , where the magnetism is associated with the oxygen vacancies while the ferroelectricity has been assigned to the structural features. 17 The frequency and temperature dependent dielectric studies of Sun et al. 17 indicated an anomaly near the suggested ferroelectric transition temperature (570 K) and the lowering of T c has been claimed for the crystallite size effects. This value of reported transition temperature for Pr 2 Ti 2 O 7 is the lowest temperature reported for any of the monoclinic Ln 2 Ti 2 O 7 phases. 3, 4, 7, 17 Though such titanates have been of technological importance, their structure and phase transitions are still obscure in literature. The structure of Ln 2 Ti 2 O 7 (Ln = La and Nd) has been explained by a monoclinic (P2 1 ) lattice. 3, [18] [19] [20] However, a closely related orthorhombic (Pna2 1 ) has also been assigned for the structure of La 2 Ti 2 O 7 . 21, 22 In addition Scheunemann & Müller-Buschbaum 22 and Harvey et al. 23 have reported a monoclinic super-structure with P2 1 symmetry for the exact crystal structure of Nd 2 Ti 2 O 7 .
High temperature structural studies on La 2 Ti 2 O 7 indicate a structural transition from P2 1 to Cma2 1 above 1053 1C and both low and high temperature phases differ by the shift of the rareearth ions as well as distortion and tilt of the TiO 6 octahedral units. 24 From the structural analyses the authors have indicated that the polarization in these structures arises mainly from shift of the rare-earth ions and partly from the rotation of the deformed TiO 6 octahedra. Recently, Ishizawa et al. 25 have investigated the crystal structure of Nd 2 Ti 2 O 7 and indicated that the subcell represents the actual structure of Nd 2 Ti 2 O 7 which is related to the earlier reported super-structure by the differences in the shift of cations along one of the axes, i.e. along the polarization direction. From density functional calculations, Pruneda et al., 26 Zhang et al. 27 and Xiao et al. 28 
Experimental
The polycrystalline sample of Pr 2 Ti 2 O 7 was prepared by solid state reaction of appropriate amounts of Pr 6 O 11 and TiO 2 . Pr 6 O 11 was preheated at 1073 K to remove any adsorbed moisture. TiO 2 was heated at 1273 K to remove any adsorbed moisture or hydroxyl groups. About 7 g of the homogenous mixture was prepared by mixing stoichiometric amounts of the reactants in acetone media. The mixed powder was pressed into pellets (about 1 inch diameter and 5 mm height) and slowly heated to 1173 K and held for 24 h. The pellet obtained after cooling to room temperature was rehomogenized and heated at 1373 K for another 24 h. The completion of the reaction is ensured after this heating step. The pellet is then rehomogenized and then pressed into pellets of about 1 cm diameter and 2 mm height. These pellets were sintered at 1573 K for 24 h and cooled at the rate of 2 K min À1 to ambient temperature. Well sintered pellets obtained after this heat treatment were used for all the studies. The product obtained after the final sintering step was characterized by powder XRD data recorded on a rotating anode based X-ray diffractometer (Ragaku, Japan). The powder sample of Pr 2 Ti 2 O 7 was pressed into a groove of about 1 mm of a glass sample holder and XRD data were collected from 5 to 1001 with a step width of 0.021 and time per step is 5 s. The XRD patterns at several temperatures in between ambient to 1000 1C were recorded on a powder X-ray diffractometer (X-pert Pro Panalytical) equipped with Anton Parr high temperature attachment. The well ground sample was smeared on a platinum strip sample holdercum-heater. The sample is heated to a desired temperature at a rate of 20 K min À1 and held for 5 m for equilibration. The HT-XRD patterns were recorded in the two-theta range of 10-801 with a step width and a step time of 0.021 and 1.5 s, respectively. Monochromatized Cu-Ka radiation was used for recording the XRD data at ambient and higher temperature. The powder XRD data were analyzed by the Rietveld refinement method using GSAS and Fullprof 2000 software packages. 29, 30 Raman spectroscopic measurements in the temperature range of 298-1073 K were carried out by using the Linkam variable temperature stage (Model-TS 1500) in back-scattering geometry. The spectrum of the polycrystalline sample of Pr 2 Ti 2 O 7 was excited using a 532 nm laser line with a power of 15 mW. Scattered light was analyzed by using a home built 0.9 m single monochromator, coupled with an edge filter and detected by a cooled CCD. 31 The entrance slit was kept at 50 mm, which gives a spectral band pass of 3 cm À1 .
Thermal stability and oxidation behavior of the sample in dry oxygen and argon were studied by a simultaneous thermogravimetric (TG) and differential thermal analyses (DTA) method. The TG and DTA traces were recorded while heating about 100 mg of sample to 1673 K on a thermobalance (SETARAM Instrumentation, France). Typical heating rate 10 K min À1 was used for recording the TG-DTA data. The residue obtained after the TG-DTA runs was also characterized by the powder XRD study. The microstructure of sintered samples was studied by using a scanning electron microscope (Zeiss, Germany). The micrographs at different magnifications were recorded on both top and fractured surfaces of sintered pellets.
The electric field dependent electric polarizations (PE-loops) were recorded at ambient temperature by using an Aixacct TF2000 (Aixacct GmbH, Germany) ferroelectric analyzer. Polarization data were recorded by using platinum paste coated pellets of the sample (2 mm thickness).
The UV-visible (UV-Vis) diffuse reflectance spectrum was recorded on a two-beam spectrometer (V-670, JASCO) using a fine powder sample.
For impedance measurements, platinum paste coated on two parallel faces of cylindrical pellets were used. The dielectric properties of the pellets were measured in a parallel-plate capacitor configuration using flat gold-plated electrodes. Low temperature (173 to 473 K) impedance measurements were carried out by using a Novocontrol Alpha AN impedance analyzer (Novocontrol Technologies, Germany) and a Quatro nitrogen cryosystem. The complex dielectric data were recorded at a series frequency range of 100 Hz to 5 MHz at several temperatures while heating from 173 K to 473 K. The electrical properties between 300 and 1073 K were investigated by using an impedance analyzer (Solartron impedance analyzer, Model 1290). In both cases, the rms bias voltage of 0.5 V was used for data collection. The impedance data were measured in the frequency range of 1 MHz to 1 Hz at several temperatures while heating the sample. The dielectric and impedance data were analyzed by using Winfit and Z-view software packages.
Density functional calculations
The total energy calculations for various structural models of Pr 2 Ti 2 O 7 have been carried out by using ab initio density functional theory (DFT). The calculations were performed by using the projector-augmented wave formalism 32 of the KohnSham formulation of the density-functional theory (DFT) 33, 34 at the generalized gradient approximation (GGA) level, implemented in the Vienna ab initio simulation package (VASP). 35, 36 The GGA was formulated by the Perdew-Burke-Ernzerhof (PBE) density functional approximations. 37, 38 All results are well converged with respect to k mesh and energy cutoff for the plane-wave expansion.
The total energy calculations have been carried out by using a cutoff of 820 eV of plane wave kinetic energy. k-points mesh was generated according to the Monkhorst-Pack (MP) scheme. [37] [38] [39] The break conditions for the self-consistent field and for the ionic relaxation loops were set to 10 À8 eV Å -1 and 10
respectively. The Hellmann-Feynman forces following the geometry optimization were less than 10 À4 eV Å À1 . The numbers of valence electrons used in oxygen, titanium and praseodymium atomic pseudo-potentials are 6, 4 and 11, respectively. Full geometry optimizations along with unit cell parameters were carried out on various structural models of Pr 2 Ti 2 O 7 . The variation of energy with volume at 0 K and electron density of states (dos) was calculated for all the five relaxed structures.
Results and discussion
The observed reflections of the powder XRD data of the 20 The refinement of the position coordinates of all the possible models was subsequently carried out to further ascertain the structure of PTO. The goodness of fit was monitored from the residual (R-values) of refinements and differences between the observed and calculated diffraction patterns. It can be mentioned here that the monoclinic unit cell reported by Scheunemann and Müller-Buschbaum 22 and
Harvey et al. 23 was also considered for refinements. The refinements with this monoclinic super-structure model indicate closely similar residuals while the unit cell parameter is doubled along the c-axis.
Despite the structure consisting of twice the number of atoms in the asymmetric unit and having a larger unit cell, no better residuals as well as profile could be obtained in the super-structure model of monoclinic P2 1 structure. Hence, this model was not considered for a further study. Also, the Pna2 1 symmetry has larger unit cell parameters and should exhibit extra reflections as well as detectable intensity at 2y -12.4 and 23.51. The present observed powder XRD pattern is not in agreement with these aspects. Additionally, a weak peak observed at 2y -14.41 is attributable only to P2 1 symmetry. Thus we support the monoclinic P2 1 structure as the actual structure of PTO. The refined unit cell parameters and the residuals of the refinements with different structural models are summarized in Table 1 . A comparison of the residuals obtained in different models indicates that the monoclinic (P2 1 ) structure with unit cell parameters: a = 7.7152(1), b = 5.4878(1), c = 13.0042(2) Å and b = 98.552(4)1 is the best model for the observed diffraction data. The refined position coordinates and typical interatomic distances for the monoclinic (P2 1 ) structure are given in Tables 2 and 3 , respectively. The typical Rietveld refinement plot of the final cycle for P2 1 structure is shown in Fig. 2 . The refined structural parameters and Rietveld refinement plots for other considered models are provided as ESI † (S-I and S-II) to this manuscript.
The analyses of the refined structural parameters of PTO at ambient temperature in P2 1 symmetry indicate that the structure has crystallographically distinguishable four Pr (Pr1 to Pr4) atoms, four Ti (Ti1 to Ti4) atoms and fourteen oxygen atoms. The typical crystal structure of PTO and its projection along the a-and c-axes are shown in Fig. 3(a and b) . All the TiO 6 octahedra of the PTO are distorted and connected by sharing the corners to form a perovskite type octahedral net. However, the periodicity disrupts along the c-axis, which render it a layered structure. The interstices in the perovskite slabs are filled by the Pr1 and Pr2 atoms. The Pr3 and Pr4 are located closer to interlayer interstices. The shift of these atoms from the ab-plane causes a variation in the stacking of the perovskite slabs in the PTO structure. The transformation of perovskite to layered perovskite systems has been reported earlier in the literature. 40 The excess oxygen contents compared to the stoichiometry of the perovskite composition cleave the octahedral connections and in turn lead to layered structures with A n B n O 3n+1 homologues. In the PTO structure, all the Ti atoms (Ti1, Ti2, Ti3 and Ti4) have octahedral coordination with the anions with Ti-O bond lengths in between 1.83 to 2.25 Å, while the Pr 3+ ions are 10 (Pr1, Pr2) or 8 (Pr3 and Pr4) coordinated with the oxygen atoms. The Pr 3+ ions inside the perovskite layers show larger distortion and dispersion in bond lengths compared to those closer to the outside of layers (Table 3 ). The local distortions around the cations and shift of the interstitial cations in such layered perovskites show lower symmetric structure and often a ferroelectric structure, which is explained later in this manuscript. In order to further ascertain the structure and phase transformation in PTO, total energy calculations in DFT formalism were carried out. The calculated total energy and unit cell parameters of PTO in all the possible symmetry models are included in Table 1 . The details of calculated structural In order to understand the electronic properties of PTO, the electron density of states (DOS) for all the relaxed structures were calculated. The total electronic density of states and the Pr, Ti, and O contributions (projected within their atomic spheres) are shown in Fig. 5 . From the calculated DOS, it is inferred that the lower lying states below À10 eV originate mainly from O 2s and Pr np orbitals. The states in the valence band region from À5 to 0 eV are mainly composed of O 2p orbitals which is hybridized with Ti 3d orbitals. This suggests that the nature of the Ti-O bonding is largely covalent. Further, the states in the conduction band region from 2 to 6 eV have a dominant contribution from Ti 3d orbitals. The O 2p orbitals also contribute a little to the conduction band and hybridized to a small extent with Ti 3d orbitals. The band gaps for the ferroelectric structures, like P2 1 , Pna2 1 and Cmc2 1 structures are almost similar and are close to 2.7 eV, while those for the paraelectric phases, like P2 1 /m and Cmcm structures are low (B2.0 eV). This suggests that ferroelectric to paraelectric phase transition would decrease the band gap. The experimental optical band gap of PTO as observed from the absorption spectra (SI-SIV, ESI †) is 3.10 eV, which is in agreement with the earlier reported value. 11 As commonly observed the band gap calculated by DFT is often underestimated compared to the true experimental gap. 41 This difference can be attributed to the limitation of the Kohn-Sham formalism to account the discontinuity of the exchange-correlation function. The thermal properties like phase transition and stability of Pr 2 Ti 2 O 7 were investigated by thermogravimetric and differential thermal analyses (TG-DTA) in oxygen as well as in an inert atmosphere. Typical TG-DTA traces recorded while heating the sample from ambient to 1673 K in an oxygen or argon atmosphere are shown in Fig. 6 . No weight gain except the apparent baseline shift as seen from the TG traces recorded under argon or oxygen atmosphere suggests the retention of the 3+ state of praseodymium until the highest temperature. The DTA traces in both argon and oxygen atmospheres show deviations around (Fig. 7) . However, several extra reflections attributable to the Ti rich perovskite type phase, (Pr 2 Ti 3 O 9 ), are observed in both the XRD patterns. This suggests a partial decomposition of the Pr 2 Ti 2 O 7 composition at higher temperature. The Rietveld refinements of the powder XRD patterns of the samples obtained after TG runs suggest no significant change in the unit cell or structural parameters of the PTO lattice compared to the original ambient temperature phases. Gao et al. 7 and Sun et al. 17 have observed a dielectric anomaly at lower temperature, viz. below 800 K, which the authors have attributed to the ferroelectric to paraelectric phase transition. The lowering of the ferroelectric T c has been attributed to the preparation procedure and/or the nanocrystalline nature of the sample. 4, 7, 17 Such anomaly is also seen in the present study on the dielectric and electrical properties. However, differential scanning calorimetric (DSC) investigation of PTO also did not show any anomaly attributable to phase transition up to 873 K (S-IV, ESI †). The deviation in the DTA pattern above 1073 K observed in DTA traces recorded both in oxygen or argon atmosphere plausibly can be attributed to this affect. However no structural changes are noticed in both in situ high temperature XRD and Raman spectroscopic investigations of the present study. This indicates either the absence of any structural transition or a transition accompanied by a very low energy change. Considering, the high temperature structural studies, it is concluded that the deviations in DTA traces are not related to the structural transition accompanied with ferroelectric to paraelectric phase transition. The details of the high temperature behavior of the PTO, as observed by in situ variable temperature powder XRD studies, are explained below. Powder XRD patterns of PTO recorded at successive temperatures between ambient to 1273 K are shown in Fig. 8 . The XRD patterns recorded at higher temperature are almost similar to that observed at ambient temperature except the shift in positions due to the thermal effect. Considering the refined structural parameters observed at ambient temperature, the XRD data recorded at different temperatures were refined using the Rietveld refinement method. The refined unit cell parameters observed for ambient temperature phases are comparable to those observed in the ambient temperature data recorded on a high temperature stage. The observed unit cell parameters at different temperatures are given in Table 4 . A comparison of the variations of unit cell parameters observed at different temperatures indicates a smooth variation with temperature. In order to see the possible phase transition, the XRD data recorded at and beyond 873 K were analyzed by considering the possible symmetries of paraelectric (P2 1 /m; Cmcm) and ferroelectric (Cmc2 1 ) phases. However, the observed peaks, in particular the differentiating peak at two-theta B37.51, could not be accounted by these models. A typical Rietveld refinement plot of the powder XRD data recorded at 1273 K is shown in Fig. 9 . Similar features are also observed in the XRD pattern of PTO recorded at 1473 K (shown as SI-SVI, ESI †), which suggests that PTO does not have any structural transition up to 1473 K. However, as observed from the variation of energy versus volume (SI-SIII, ESI †) the orthorhombic (Cmc2 1 ) structure has higher stability over the monoclinic ( . Thus a phase transition from monoclinic ferroelectric (P2 1 ) to orthorhombic (Cmc2 1 ) can only be expected at still higher temperature. Hence it can be mentioned here that the ferroelectric to paraelectric phase transition takes place above 1473 K, as observed in other analogous titanates. Earlier studies on isostructural compound La 2 Ti 2 O 7 indicated a structural transition from ferroelectric (P2 1 ) to another ferroelectric (Cmc2 1 ) transition in between 993 to 1053 K, 24 which is similar to that reported for Ca 2 43 However, the reported XRD pattern indicated the poorly crystalline nature of the phase where the differentiation of these two symmetries is not easy. In the present study and earlier studies on La 2 Ti 2 O 7 and related materials prepared by high temperature reactions show only P2 1 structure at ambient temperature. 18, 20, 24, 25 Since the differentiation of these probable symmetries is difficult as they are mainly based on the presence or absence of weak reflections, the claim for the stabilization of Cmc2 1 , which is also energetically unfavorable compared to Pna2 1 or P2 1 structures, cannot be relied. Thus we suggest no structural transition in PTO up to 1473 K. Further to confirm the high temperature behavior of PTO, in situ high temperature Raman spectroscopic investigations were carried out. Raman modes being sensitive to the variation of local coordination and distortion as well as to symmetry, the analyses of temperature dependent Raman mode can provide clear information on these features. Under ambient conditions, Pr 2 Ti 2 O 7 has monoclinic structure with space group P2 1 (point group: C 2 ) and four formula units per unit cell which gives 132 normal modes of vibration. Factor group analysis gives irreducible mechanical representations for optic and acoustic modes as G optic = 65A + 64B and G acoustic = A + 2B, respectively. From group theoretical calculations, 129 Raman active modes are expected in Pr 2 Ti 2 O 7 . The earlier report suggested the presence of photoluminescence lines in Pr 2 Ti 2 O 7 . 44 Hence to verify this, Raman spectra of Pr 2 Ti 2 O 7 at different laser excitation wavelengths under ambient conditions were recorded and they are given as supplementary data to this manuscript (SI-SVII, ESI †). It is observed that the excitation wavelengths, 532, 514 and 785 nm give identical spectra, while the excitation wavelengths lower than 488 nm show dominating luminescence in the Raman spectra. This indicates that all the peaks in the spectra with 532 nm are Raman modes. All the spectra were recorded at an excitation wavelength of 532 nm and they are presented in this manuscript. Fig. 10 shows the Raman spectra of PTO at different temperatures in between 298-1073 K. At ambient temperature 32 distinct Raman modes could be clearly identified. The less number of observed Raman modes than expected may be due to the degeneracy or the weak nature of some modes. Low frequency modes in the range 50-490 cm À1 are attributed to the Pr-O vibrations. 16 Modes in the range 490-575 cm À1 are assigned to the vibrations of the distorted TiO 6 octahedron. 16 The modes above 600 cm À1 , particularly the high frequency modes at 785 and 814 cm À1 , are assigned to stretching modes of Ti-O vibrations. These stretching modes are separated from the rest of the modes with a gap. This feature is similar to the gap in between the stretching and bending vibrations of VO 4 tetrahedra in ABO 4 type orthovanadates. 45 Since the TiO 6 octahedra are distorted and the bond strength of Ti-O is weaker compared to V-O bonds of VO 4 tetrahedra of orthovanadates, the gap between the bending and stretching modes is less in Pr 2 Ti 2 O 7 compared to that observed in orthovanadates.
The evolution of Raman modes with temperature were was followed by comparing with the modes observed at ambient temperature. The temperature dependencies of Raman mode frequencies of PTO are shown in Fig. 11 . It is also observed that several weak modes could not be followed at higher temperatures due to overlapping caused by temperature induced broadening. From the variations of mode frequency with temperature, it can be seen that almost all the modes soften with increasing temperature. Table 5 shows the temperature coefficients of Raman mode frequencies of PTO. Most of the Raman mode frequencies show a linearly decreasing trend in the range 298-1073 K, which indicates that the anharmonicity in PTO is predominantly due to three phonon decay processes. However, typical trend for some of the modes show anomalous behaviour. The modes at 217 and 814 cm À1 show a negligible change in frequency in the temperature range. The lattice mode at 158 cm
À1
, the mode at 312 cm
, which has been attributed to the Pr-O vibration, and the mode at 785 cm À1 due to Ti-O stretching vibrations show an increase in frequency with temperature. Generally, higher order terms of phonon-phonon interactions are responsible for such a kind . R p = 9.63%, R wp = 12.7% and w 2 = 1.884. 
of anomaly. This anomalous behaviour could also be associated with symmetrization of the distorted PrO n and TiO 6 polyhedra. At higher temperature, it is possible that phonon anomaly could bring instability in the structure, which could lead to ferroelectric to paraelectric phase transition. The smooth variation of Raman modes within the temperature range 298-1073 K suggests the absence of any structural transition. Thus the Raman spectroscopic studies do not show any signatures of phase transition in the temperature range studied; but the possibility of ferroelectric to paraelectric phase transition at higher temperature cannot be ruled out. Microstructural features of sintered PTO samples were investigated by scanning electron microscopy. The SEM pictures of the top and fractured surfaces of the prepared pellets are given as ESI † (S-VII) to this manuscript. Irregular micron sized well connected grains are observed under the preparation conditions. However, the observed grains are quite different in shape and connections from the samples prepared from the low temperature solution processing and spark plasma sintered samples. 4, 7 However, in the present case no such preferred orientation or well developed facets are observed under the employed sintering condition. At higher sintering temperature, such layered materials can exhibit highly oriented grain growth as seen by Gao et al. 7 The differences might be attributed to the differences in the sintering temperature. Since a partial decomposition at higher temperature is observed in this study, further high temperature processing was not been carried out. Besides, at higher temperature differences in the composition and oxidation state of cations may also occur in PTO. The measurement of electric polarization (P) with applied potential (E) at ambient temperature show typical ferroelectric like loops and is in agreement with the ferroelectric nature of PTO. A typical PE loop of PTO is shown in Fig. 12 . No saturation of polarization is observed up to the maximum applied voltage of this study. This might be due to higher loss arising from the low density of the studied pellets. The observed maximum polarization (P s ), remanent polarization (P r ) and coercive field (E c ) are 0.017 mC cm À2 , 0.005 mC cm À2 and 235 V, respectively.
A typical loss current of about 0.1 mA is observed at 1200 V.
Further to understand the ferroelectric to paraelectric phase transition, the refined structural models are compared. All the structures can be compared by using unit cell and symmetry relations are as shown in Fig. 1 . It can be mentioned here that the paraelectric P2 1 /m or Cmcm structures differ from the parent ferroelectric P2 1 structure in both octahedral distortion as well as displacement of the metal ion positions. Recently, the density functional calculations on a similar layered perovskite La 2 Ti 2 O 7 and Nd 2 Ti 2 O 7 indicated a similar energy variation between different symmetries and the authors concluded that the transformation from monoclinic P2 1 to Cmcm may occur through an intermediate P2 1 /m phase.
14 The total energy calculations of this study also support for a similar transformation sequence. Similar studies on the ferroelectric transition by Lopez-Perez et al. 15 suggested the shift of the position of rareearth and the rotation of TiO 6 octahedral units are linked to the transition. From the energy variations, it can be suggested that the structure may transform into another ferroelectric Cmc2 1 phase before transformation to paraelectric phases. But the present in situ high temperature XRD and Raman spectroscopic investigations indicate no distinct phase transition in PTO. In order to compare the ferroelectric and paraelectric phase of PTO, it is ideal to compare the structure with P2 1 /m and P2 1 symmetries due to the simple symmetrically related displacive and strain free nature of lattice transformation. The two structures in the unit cell of P2 1 and the polarization arising from the ionic displacements along the polar axis, i.e. b-axis, are shown in Fig. 13 . The spontaneous polarization as calculated from the shift of the ions in the b-axis is 8.3 mC cm À2 . . 17, 47 The lower observed experimental values might be due to relatively higher conducting contribution as well as the polycrystalline nature of the sample in the present study. Additional electrical properties of PTO were studied by the impedance spectroscopic investigation. The temperature dependent permittivity and loss spectra in between 173 to 473 K are shown in Fig. 14 . In the studied frequency range, both the spectra indicate two different types of dielectric responses. The low frequency relaxations show significant temperature dependence, with the loss peak moving towards higher frequencies as the temperature rises, whereas the high frequency relaxation is almost invariant with temperature. The permittivity spectra recorded up to 473 K show almost similar behavior. However, at still higher temperature the permittivity shows sharp rise at lower frequency compared to that at higher frequency. A comparison of the temperature dependent permittivity and loss features suggests that at higher temperature an appreciable ion migration causes interfacial polarization leading to sharp rise in permittivity due to the Maxwell Wagner (MW) effect.
The frequency-dependent complex permittivity e*(o) can be most generally represented by the Havriliak-Negami (H-N) model as given below where o = 2pf is the angular frequency, t is the relaxation time, e s and e N are the low and high frequency values of permittivity, respectively, i ¼ ffiffiffiffiffiffi ffi À1 p , and a and b are exponents such that a 4 0, ab r 1. The contribution due to electrical conductivity can be incorporated by adding the term (Ài[s dc /(e 0 o)] n ) to eqn (1), where s dc is the dc-conductivity, e 0 is the permittivity of free space, and n E 1.
We have further analyzed these two dielectric responses by fitting two H-N relaxation models and a conductivity contribution to the measured dielectric loss spectra as below where the subscripts 1 and 2 corresponds to the low and high frequency relaxations, respectively. A typical fit of the e 00 (o)
Havriliak-Negami (H-N) model is shown as supplementary data to this manuscript (S-IX, ESI †). The relaxation time t 1 extracted from this fitting was found to follow the Arrhenius relation eqn (3), which suggests that the relaxation is a thermally activated process
where t 0 is a pre-exponential factor, E 1 is the activation energy, and T is the temperature of measurement. The typical Arrhenius plot of the relaxation time t 1 is depicted in Fig. 15 . In contrast to t 1 , the relaxation time t 2 for the second (high frequency) process does not show any significant variation with temperature (see inset in Fig. 15) . Thus, the first relaxation is a thermally activated process, and can be attributed to the Maxwell-Wagner polarization arising from the grain boundaries. This was further confirmed by the decrease in the dielectric strength (e s À e N ) with temperature ( Fig. 16 ). Similar to the relaxation time, the behavior of the dielectric strength for the second relaxation is also quite different (Fig. 16) , and thus we conclude that this relaxation is not of the Maxwell-Wagner type. Thus this relaxation can be attributed to the dipolar origins and is related to the realignment of the dipoles with the oscillation of the applied electric field. The Maxwell-Wagner relaxations due to grain boundaries are essentially a low frequency phenomenon, since the interfacial polarization cannot follow the applied ac-field of higher frequencies, and thus the dielectric strength diminishes with temperature. 49 The value of permittivity (dielectric constant) measured in our study is around 18 at 10 kHz and remains almost unchanged with temperature. This value is somewhat lower than that observed for Pr 2 To follow the dielectric properties at still higher temperature, the impedance spectroscopic studies at higher temperature were carried out. The variations of permittivity and tand with temperature are shown in Fig. 17 . The temperature dependent permittivity shows a peak like feature around 673 K, which is similar to the ferroelectric like transition observed by Sun et al. 17 Despite the crystalline nature of the present studied sample, this anomaly coincides with the results of Sun et al. 17 A gradually decreasing trend of permittivity and shifting of peak temperature towards higher temperature are observed with increasing frequency. The variation of peak temperature with frequency follows Arrhenius relation and thus again support for a thermal activated process in PTO. At lower frequencies, a sharp rise in permittivity is observed. Such behaviours are expected for an ionic conductor due to the polarization of electrodes. This indicates that the low frequency dielectric anomaly is not related to the polar orientation. A sharp increase in loss tangent at higher temperature is observed in the variation of tand with temperature. Though the values of loss tangent are small at lower temperature, they show considerably larger values at higher temperature. Thus at higher temperature, PTO shows appreciable ionic conduction which can be either due to the formation of intrinsic defects or annihilation of defect clusters. Thus the dielectric anomaly is related to ionic movement in the system. In order to understand the electrical conductivity the total conductivity was extracted from the impedance data and the temperature dependent conductivities are shown in Fig. 18 . From Fig. 18 , it is observed that the conductivity decreases appreciably below 873 K. From the dielectric and impedance data it is observed that the electrical properties of Pr 2 Ti 2 O 7 are cumulative effects of the grain boundary and ionic and/or electronic defects. The dielectric behaviour is similar to any of the ferroelectric materials while at higher temperature the migration of ions, in particular anions and electrons due to the feeble valence fluctuation of Pr 3+ may occur. The anionic defects can be easily formed in the perovskite sub-lattice, either during the preparation or due to a slight deviation in the composition. Since the ferroelectric properties are related to the metal ion shifts and distortion of the TiO 6 octahedra, a feeble deviation in oxygen may not alter the polar character drastically, but at higher temperature they appear as a loss contribution due to ion or electron movement.
Conclusions
From the ambient temperature XRD and Raman studies, a monoclinic P2 1 structure is established as the stable structure of Pr 2 Ti 2 O 7 . The crystal structure is further supported from the ab initio total energy calculations in DFT formalism. From the density functional calculations, it is observed that Pna2 1 and P2 1 have almost similar stability while the paraelectric P2 1 /m or Cmcm structures have least stability at ambient temperature. A partial decomposition at 1673 K is noticed in Pr 2 Ti 2 O 7 . From the analyses of symmetry and structure, it was inferred that the ferroelectric (P2 1 ) to paraelectric (P2 1 /m) transition is due to the displacement of cations along the b-axis and the rotation of TiO 6 octahedral units around the a-axis. No structural transition to Cmc2 1 from ambient to 1473 K was observed. From the volume dependent energy calculations and high temperature XRD studies, it is revealed that PTO may transform to another ferroelectric orthorhombic (Cmc2 1 ) structure at a still higher temperature. The electron density of state calculations revealed that the ferroelectric Pr 2 Ti 2 O 7 has a band gap of B2.7 eV which is close to the experimentally observed band gap of 3.10 eV. The measurement of field dependent electric polarization indicates the ferroelectric nature of PTO. The low temperature dielectric data indicate two different types of relaxations, one at the lower frequency side due to the thermally activated polarization process at the grain boundaries and other at higher frequency due to dipolar reorientation. The activation energy for thermally activated relaxation process is 0.38 eV and can be attributed to interfacial polarization due to ionic movements. At still higher temperature the dielectric properties are dominated by ionic conduction.
